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Abstract 

The dihydropteroate synthase {dhps) genes of 44 P. malariae strains from four Asian countries were isolated. Only a limited 
number of polymorphisms were observed. Comparison with homologous mutations in other Plasmodium species showed 
that these polymorphisms are unlikely to be associated with sulfadoxine resistance. 
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introduction 

Molecular characterizations of aiitifolate resistance in Plasmodi- 
um falciparum and P. vivax have revealed stepwise increase in 
antifolate resistance with additional mutations within the dihy- 
drotheorate synthase [dhps) and dihydrofolate reductase idhfr) genes 
[1,2,3,4]. Although patients infected with P. malariae are usually 
not treated with antifolate drugs, exposure is still likely in endemic 
areas where sulfadoxine - pyrimethamine is used for treatment of 
falciparum malaria, because of the high frequency of mixed 
infections. The previously reported S114N mutation within the 
dhjr gene of P. malariae supports this [5,6]. The P. malariae gene for 
dhps^ the target for sulfadoxine, has not been studied to date. 

Materials and Methods 

In this study, the dhps gene of 44 P. malariae strains from Asian 
clinical samples (34 from Thailand, 6 from Laos, 3 from Viet 
Nam, and 1 from Bangladesh) were isolated and analysed. 
Genomic DNA of P. brasilianum, a New World monkey malaria 
parasite considered to be genetically indistinguishable from P. 
malariae, purified from a cloned line maintained in Saimiri 
monkeys was obtained from MR4 (MR4-349). Samples were 
obtained from patients enrolled in a variety of previous treatment 
studies. AU patients provided written informed consent. The 
protocol for this study was reviewed and approved from the 
Faculty of Tropical Medicine, Mahidol University, Thailand 
(reference no. MUTM201 1-049-03). To design primers for 
isolation of the dhps gene from P. malariae and P. brasilianum, the 
nucleotide sequences of dhps gene from other human Plasmodium 



spp. were aligned, including P. falciparum (accession number 
XM_00 1349382), P. vivax (accession number XM_001617159), 
and P. knowlesi (accession number XM_002262146). A nested and 
seminested PGR approach was used to increase sensitivity of the 
amplification product. The sequences of primers, Mg^''"concentra- 
tions, annealing temperatures, numbers of cycles, and sizes of 
products were individually determined for the different primer 
pairs shown in Table 1 . Amplified PGR products were then cloned 
into the pGR 2. 1 vector (Invitrogen, USA), and the plasmids 
purified from the bacterial clones were submitted for DNA 
sequencing. 

Results and Discussion 

The partial pppk-dhps gene was isolated from both P. malariae 
(1,953 bp) and P. brasilianum (1,914 bp). The partial 1,953 bp 
Pmpppk-dhps included one intron (167 bp) at the carboxyl terminus 
coding region, which position and size was established by reverse- 
transcriptase PGR amplification and sequencing from correspond- 
ing mRNA. DNA sequences oi pppk-dhps are available from 3 other 
species infecting humans: P. falciparum, P. vivax and P. knowlesi. In 
all species the pppk-dhps gene has two introns, one of which is 
located near the N-terminus coding region of the pppk gene and 
one near the G-terminal. This study revealed an 167 bp intron 
within dhps gene of P. malariae. AT content of the pppk-dhps gene 
from P. malariae, P. brasilianum and P. falciparum was high (72.2- 
76.5%), whereas this is low in P. vivax and P. knowlesi (56.8% and 
62.2% respectively). The pppk-dhps gene of P. falciparum appeared 
to be located on chromosome 8, whereas in P. vivax and P. knowlesi 
this is on chromosome 14. 
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Table 1. Primer sequences and PCR condition for isolation of pppk-dhps gene from P. malariae and P. brasilianum. 




Primer name 


Sequeifces (5' to 3 ) 


Annealing 
temperature 

(°C) 


MgCl2 
(mM) 


No. of PCR 
cycle 


Product 

size 

(bp) 


Nesti Nest2 


DHPS_F70 


GGAAC{G,A)AATGA(T,C)A{G,A)AA(G,A)(G,A)AAC 


50 


3 


30 


ca 800 


DHPS_R800 


CTGT{G,A)T(G,T)T{C,T)GT(G,A)TACACATGAGG 










DHPS_F120 


GG(A,C)AAAAT(T,C)AT(T,C)AA(T,C)A(G,C)(T,G)TC(G,C)TAC 


50 


3 


35 


ca 700 


DHPS_R800 


CTGT(G,A)T(G,T)T(C,T)GT(G,A)TACACATGAGG 










DHPS_F500 


GTTA(G,A)(G,A)AC(T,C)TTTGT(T,A)(G,A)A(T,A)GA(T,C)CC 


50 


3 


30 


ca 1,500 


DHPS_R22 


CTAA(C,A)ACGTC(G,A)TGAACTCT(G,T)AT{A,T)AG 










DHPS_F500 


GTTA(G,A)(G,A)AC(T,C)TTTGT(T,A)(G,A)A(T,A)GA(T,C)CC 


50 


3 


35 


ca 1,000 


DHPS_R16 


GGA"nTCC(C,T)CT(C,T)TT(G,A)TGCA"n" 










DHPS_MF900 


GACACATTGAAGCAATTGAAAGA 


52 


3 


30 


ca 1,400 


DHPS_PSR1 


GTTTCTAA{A/C)ACGTC(A/G)TGAACTCT 










DHPS_MF17 


GACATTAGCGCATGCACAAA 


52 


3 


35 


ca 700 


DHPS_R22 


CTAA(C,A)ACGTC(G,A)TGAACTCT(G,T)AT{A,T)AG 










DHPS_MF900 


GACACATTGAAGCAATTGAAAGA 


52 


3 


35 


ca 700 


DHPS_R16 


GGATTTCC(C,T)CT(C,T)TT{G,A)TGCATT 










DHPS_MF17 


GACATTAGCGCATGCACAAA 


52 


3 


35 


ca 900 


DHPS_R2 


AGCTGTAGGAAGCAAT(G,T)GCTA(G,A)(C,T)C 
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Specific primers were designed to isolate the Pmdhps gene from 
all 44 P. malariae isolates. In the amplified product 1,140 bp 
(corresponding to 379 amino acids) of Pmdhps were analyzed, 



which revealed 2 and 3 positions of synonymous and nonsynon- 
ymous mutations which were predicted to change amino acids 
located outside the binding pocket of the enzyme for sulfadoxine. 



brasilianum GKILNTEYIYETVPEYIALAEKQIVKSVKEVEYESDIKWIKELLSTLGESKYKESDNLIYECNELEKFMKNEKLN 75 

malariae GKILNTSYIYETVPEYIALAEKQIVKSVKEVEYESDIKWIKELLSTLGESKYKESDNLIYECNELEKFMKNEKLN 75 

falciparum METIQELILSEENKTHIAVLNLGTHDRRHAVLILETALHLVEKYLGKIINTSYLYETVPEYIVLDKKESCEKISKDCRIYDVNYIMELMQNLEESKYEENKELIDKCEEYETFLKNGKVD 120 

vivax MEDSNTGGTTPRNIAVLNFGTNDKKNCVTILETALYLTEKYLGKIINSSYIYETVPEYIVLDEENKIGEVTEGEPPRDISWIGDLIPTVENSRYEESEDLIYECKELEVFLKNEKIN 117 



brasilianum ENMLKEISVHEYELKTKNKLKAQDETMKNNLEKFKNKYYTNYFFNLTVWRTFIDDPLSMLVI1KYIEQ1MKREDLK--D1QRFEKRRIDID1IFFNNYTIFMENLELEKEY1YKV1TTY 193 

malariae ENMLKEISVHEYELKTKNKLKAQDETMKNNLEKFKNKYYTNYFFNLTWVRTFIDDPLSMLVIIKYIEQIMKREDLK--D1QRFEKRRIDID11FFNNYTIFMENLELEKEYIYKVITTY 193 

falciparum NSILKEVNVENYLLECNNIIVKNDEIMKNNLSKYKDKYYTSYFYNLTWVKTFVNDPLSMLVVIKYIEELMKRENVK--EKEKFENRIIDIDILFFNDFTIFHKNIKLEKNHIYKILSKY 238 

vivax ESIIREVSVEDYENEARRIIKRNDEIMKKNLEQSKDKYYTSYFFNLTWVRTFVEDPLAMLVILKYIEQIMKRRESKKGQGEIFQNRMIAIDILFFNNYPIFEKEISLKGEDIYKIITKY 237 



brasilianum INIDR NNNRHI EAIERIKNKIQFLSIPHLYTKYRYSILLCLNDIIPNYKHIVLKDTINTLYLNFIR 259 

malariae INIDR NNNRHI EAIERIKNKIQFLSIPHLYTKYRYSILLCLNDIIPNYKHIVLKDTINTLYLNFIR 259 

falciparum IHLERDIKNGNDNMSKVMMDKDINLNNNNNIKKKNNNDIDCDCVDQKHNNHVKNKNYINSFRDPQEIINNMVDNIEFLSIPHVYTTHRYSILLCLNDMIPEYKHNVLNNTIRCLYNKYVS 358 

vivax IHINH TSDQNR LDIIQNLGDKIEFLCIPHVYTKYRYSILLCLNDIIPEYKHSTFEEAIRSTYNSYVE 304 



brasilianum NFKETYNINIKEFNRRMYVLKDEVSYLKEKTNIVGILNVNYDSFSDGGLFVNPTKAVERMFEMINEGASVIDIGGESSAPYVIPNPSISERDLVIPVLTLFKKKWN 365 

malariae NFKETYNINIKEFNRRMYVLKDEVSYLKEKTNIVGILNVNYDSFSDGGLFVNPTKAVERMFEMINEGASVIDIGGESSAPY¥IPNPSISERDLVIPVLTLFKKKWN 365 

falciparum RMKEQYNINIKENNKRIYVLKDRISYLKEKTNIVGILHVNYDSFSDGGIFVEPKRAVQRMFEMINEGASVIDIGGESSGPF¥IPNPKISERDLWPVLQLFQKEWN 4 64 

vivax SFEEKYHINIRKNNKRLYVLKDKVSYIKERTHIVGILNVNYDSFSDGGLFVDPVKAVERMFEMASDGASVIDIGGESSAPYVVPNPSVTERDLVMPVLKLFKEEWHKLECEVGGGAVCCA 424 



brasilianum EIKYKMKEVDEQNLEKIGRIRPIISIDTVNYNVFKECVENDLVDILNDISACTNNPEIIKLLKKENKFYTWLMHKRGNPHTMDKLTDYNDWYDIKTYIENRLNFIVLNGIPRYRI 482 

malariae EIKYKMKEVDEQHLEKIDRIKPIISIDTWYNVFKECVENDLVDILNDISACTNNPEIIKLLKKENKFYTWLMHKRGNPHTMDKLTDYNDWYDIKTYIENRLNFLVLNGIPRYRI 482 

falciparum DIKNKIVKCD AKPIISIDTINYNVFKECVDNDLVDILNDISACTNNPEIIKLLKKKNKFYSVVLMHKRGNPHTMDKLTNYDNLVYDIKNYLEQRLNFLVLNGI PRYRI 572 

vivax AASDARKNAQSSLQGKLQKVRDAKPIISIDTVNYDLFKECVEGELVDILNDISACTHNPEIIKLLRRKNKFYSVVLMHKRGNPHTMDKLTNYDDLISDIKRYLEDRLHFLVLNGVPRYRV 54 4 



brasilianum LFDVGLGFAKKHDQSIKLLQDIHVYDDYPLFIGYSRKRFIAHCMDDHNGVINREKLNFYDDKNDNEN 549 

malariae LFDVGLGFAKKHDQSIKLLQDIHVYDDYPLFIGYSRKRFIAHCMDDHNGVINREKLNFYDDKNDNEN 54 9 

falciparum LFDIGLGFAKKHDQSIKLLQNIHVYDEYPLFIGYSRKRFIAHCMNDQNVVINTQQKLHDEQQNENKNI 64 0 

vivax LFDVGLGFAKKHDQSIKILQHIHVYDEYPLFLGYSRKRFIVHCMGKGGAAIGECRLMSGEAKLTNGEGKLTNGEAKLTNGEGKLTNGEAKLTNGEGKLTNGDAKLTNGDSKLTNGEAKLT 664 



brasilianum — DKSKKWLFKVNYMRKDKDQLPYQKNICGGLAIA 582 

malariae —DKSKKILFKVNYMRKDKDQLPYQKNICGGLAIASYSYYKKVDLIRV 595 

falciparum -VDKSHNWMFQMNYMRKDKDQLLYQKNICGGLAIASYSYYKKVDLIRVHDVLETKSVLDVLTKIDQV 706 

vivax NGDPSQLWRFKMSHMRQDKDQLLYQKNICGGLAIASYSFYKKVDLIRVHDVLETKAVLDVLTRIHQP 731 



Figure 1. Deduced partial PPPK-DHPS amino acid sequences alignment. 

doi:1 0.1 371 /journal.pone.0093942.g001 
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V, This was assessed throuah amino acid alimmeiit with DHPS of P. 

0 falciparum and P. vivax (Figure I), showing that equivalent variation 
~ in these other species are not associated with changes in the 
c binding pocket for sulfadoxine, nor with sulfadoxine resistance, 
g Tlie 44 Pmdhps sequences could be categorized into 4 haplotypes; 
J; the wild type haplotype 1 was most prevalent (41/44 isolates; 

1 Table 2). 

S The current study investigated 27 isolates from which we have 

5 previously reported details on dhfr gene polymorphisms [6] . Two 

I of these isolates contained the S 1 1 4N-mutation within dhfr, which 

P are predicted to confer antifolate resistant, and thus suggest 

§ antifolate drug pressure on the parasite populations. However, 

§ these dhfr mutations were not accompanied by mutations in the 

^ dhps gene thought to confer sulfadoxine resistance: one of these two 

^ samples contained wild type dhps gene, while the other strain 

i showed 2 SNPs (one synonymous and one nonsynonymous). The 

^ nonsysnonymous mutation was located at the equivalent position 

c 516 in P. falciparum and 488 in P. vivax, which does not code for the 

S enzyme binding pocket. The dhfr gene sequences were then 

£ assessed in the 1 7 P. malariae isolates from Thailand, none of which 

I showed mutations, and all were classified as haplotype 4 [6] . Thus 

^ far all available published and unpublished Pmdhfr sequences [5,6] 

g- show a high prevalence of the wild type gene. Homology with 

I other Plasmodium species suggest that the initial mutation associated 

° with drug pressure may be at position S114N. In order to assess 

i this point mutation more efficiently (analogous to S108N and 

^ S117N in P. falciparum and P. vivax), a PCR-RFLP method was 

^ developed and investigated. Patterns of wild type SI 14 contain two 

^ bands of 401 bp and 172 bp+168 bp product, and mutant type 

3 114N showed two bands of 569 bp and 172 bp product. Forty- 

c four samples of P. malariae were tested and PCR-RFLP results were 

i in accordance with the sequence data. Using PCR-RFLP, we 

^ analysed 1 7 isolates recently collected in Thailand which revealed 

oj no mutations, with all strains classified as the common haplotype 4 

I [6]. 

I Comparing homology of dhps genes isolated from P. falciparum, 

^ P. vivax, P. knowlesi and P. malariae has some limitations. Amino acid 

S ahgnment of DHPS in each Plasmodium spp. determined equivalent 

g position of nonsynonnymous mutations in association to sulfadox- 

g ine resistance in P. falciparum and P. vivax (Table 2). All 44 isolates 

fi of P. malariae showed wild type amino acids at these equivalent 

a positions, whereas the three nonsynonymous mutations present in 

§ three P. malariae isolates have not been described in these other 

^ species. They are equivalent to T537, L516 and E339 in P. 

I falciparum (Table 2). Amino acids found in P. vivax and P. knowlesi at 
these three residues are the same as in P. falciparum, suggesting that 
these three residues are conserved among Plasmodium spp. It is 
therefore interesting to construct an in sUico comparative structure 
model to further explore whether the nonsynonymous mutations 

g "H -5 found in P. malariae at these positions have an effect on molecular 

§ £ ^ docking of sulfadoxine. 

§ .1 g ^ Our findings suggest that drug pressure of sulphadoxine- 

S B ^ o pyrimethamine on P. malariae in the region has been lower than 

9 ^ £ 5* on P. falciparum or P. vivax. Mutations in the PmDHPS and 

^ 1/1 [13 .J r 

9 o J g PmDHFR genes are rare in Thailand, suggesting absence of 

5 > '5 selection of SP resistant parasite populations. We plan to extend 

c § ^. our observations to P. malariae isolates collected from African 

3 g £ c countries where SP drug pressure is more prominent and where 

■~ S S g prevalence of P. malariae is higher compared to Southeast Asia. 

^ g f; The nonsynonymous mutations identified in PmDHPS and 

g S jS 5 PmDHFR require further in vivo and in vitro studies to elucidate 

^ ^ g their significance in SP resistance in P. malariae. 
» ^!* -D 
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